OBJECTIVES: To analyse the relationship between body mass index (BMI) in middle-age and disability status in old-age using data from the Melbourne Collaborative Cohort Study (MCCS). METHODS: A total of 41 514 participants enroled in the MCCS between 1990-1994. Height and weight were measured at baseline and disability, defined as limitations to self-care activities of daily living (ADLs) and self-care plus mobility activities, was identified at follow-up (2003-2007). In all, 6300 participants were o65 years at baseline, X70 years at follow-up and not missing BMI at baseline or ADLs at follow-up. The association between BMI in six categories (30)(31)(32)(33)(34)(35); 35 þ ) and disability status was analysed using logistic regression. Models were stratified by sex, and sequentially adjusted for age, education, country of birth, then smoking, alcohol, fruit and vegetable intake, and physical activity. RESULTS: Adjusted odds ratios for composite self-care ADL and mobility limitations compared with BMI 18.5-22.5 kg m À 2 were 1.73 (95%CI 1.14-2.64) for BMI 30-35 kg m À 2 and 3.46 (1.78-6.73) for BMI 35 þ kg m À 2 in males. In females, adjusted odds ratios were 1.29 (1.00-1.68) for BMI 22.5-25 kg m These results highlight the importance of a healthy body weight at middle age in order to reduce the risk of disability in old age.
INTRODUCTION
With mortality decreasing and life expectancy increasing, the challenge for public health has shifted from prolonging life to prolonging healthy life. Disability, an umbrella term that covers impairment, activity limitations and participation restrictions, is a commonly used marker of overall health status. 1 Disability can be measured in a number of ways. One of the more common measures, recommended by the World Health Organisation, 2 is through an index of activities of daily living (ADL), attempting to recognise the differences between normal functional ability and the current demands imposed by the environment. Obesity, through its association with a number of health risks, including diabetes, cardiovascular disease, cancer and osteoarthritis, has been shown to lead to an increased risk of disability in the elderly, while the relationship for overweight is not clear. [3] [4] [5] Most studies to date measure weight status in the elderly, and use body mass index (BMI) as their marker of weight status. However, it has been shown that the accuracy of BMI as a measure of body fat decreases with age due to a natural increase in the ratio of fat to lean body mass that occurs in the elderly. 6 Consequently, elderly people with adiposity levels associated with obesity are more likely to be classified as overweight when compared with a younger person with the same adiposity levels. Furthermore, the association between BMI and mortality has been shown to attenuate as age increases. 7, 8 It is therefore possible that BMI measured at mid-life is a better predictor of ill-health in the elderly than BMI measured later in life. Further support for this notion was recently demonstrated in a review of the relationship between bodyweight and dementia. This study concluded that while there was a relationship between mid-life BMI and later life dementia, there was no relationship with late-life BMI. 9 To assess the potential risk of future disability associated with excess weight, it is essential that this be studied in cohorts large enough to permit analysis of the relationship along the continuum of BMI and with sufficient follow-up time to distinguish between mid-life risk and later life disability. Furthermore, such cohorts need comprehensive measures of disability and to have evaluated possible confounders and effect modifiers. Although several studies have analysed the relationship between mid-life BMI and disability, [10] [11] [12] [13] [14] data of this kind are lacking. With the prevalence of overweight and obesity increasing across all age groups, it is important to know to what extent excess weight prior to old age is associated with disability in old age.
In this study, we analyse the relationship between six BMI categories in mid-life and disability in old age. We use the 14-year follow-up of a large Australian cohort study, the Melbourne Collaborative Cohort Study (MCCS). We analyse the relationship between BMI measured at baseline (1990) (1991) (1992) (1993) (1994) in participants aged less than 65 years and disability measured at follow-up (2003) (2004) (2005) (2006) (2007) in those aged 70 years or over.
MATERIALS AND METHODS

Data source
The MCCS is a prospective cohort study with subjects recruited from metropolitan Melbourne through the electoral roll, advertisements and announcements in community papers, ethnic radio and churches. The study deliberately oversampled migrants from Southern European countries to extend the range of lifestyle and genetic factors. A total of 41 514 individuals were recruited between 1990 and 1994. During a faceto-face interview, a questionnaire was administered with a range of demographic, lifestyle and medical history questions, and trained professionals took physical measurements including height (cm) and weight (kg). At 4 years post-baseline, participants were followed up with a postal questionnaire similar to the baseline questionnaire (response rate 87%). Between 2003 and 2007, a further face-to-face interview was conducted, similar to baseline and with some additional questions including those pertaining to disability (response rate among those eligible for the current study was 57%). Further details of the study have been described elsewhere. 15 For the current study, we included participants with complete measures of BMI and potential confounders at baseline (n ¼ 41 443), who were less than age 65 at baseline (n ¼ 34 335), and alive and aged 70 years or over at the 2003-2007 follow-up (n ¼ 7668). We also excluded the 39 participants with BMIo18.5 as this category was too small to analyse. Of the remaining participants, 1365 were missing ADL information at the 2003-2007 followup and were excluded (final n ¼ 6264, 2518 males and 3745 females).
Measure of adiposity
At baseline, trained interviewers measured height (with a stadiometer, cm) and weight (with a digital scale, kg). BMI was calculated as weight in kilograms divided by height in metres squared. BMI was categorised into six categories based on World Health Organisation recommendations: 
Measures of disability
A number of questions about disability were asked at the 2003-2007 follow-up. For this analysis, we included data on: bathing, dressing, eating, getting out of a chair or bed, going to or using the toilet at home and walking about 200-300 m (round the block). Subjects were asked if their health limited each of these activities and response options were 'none', 'some', 'a lot' and 'cannot do'. When assessing each activity independently, disability was defined as a response other than none. We analysed two composite measures of disability, defined as disability in any of the six activities (five ADLs and walking) and any disability in the five basic selfcare ADLs only.
Other covariates
Baseline covariates collected through the questionnaire included education level, country of birth, fruit and vegetable intake, alcohol intake, physical activity, smoking status and presence of chronic disease. Education was ascertained from the question 'What is the highest level of education you completed?', and was dichotomised into those who had completed high school and above and those who had not finished high school. Country of birth was categorised as Southern European (Italian/ Greek/Maltese) versus not (Australian, New Zealand, British, Dutch, Irish, Scottish and Welsh). Fruit and vegetable intake was collected using a self-administered food frequency questionnaire specifically developed for use in the MCCS, 17 and was dichotomised into those meeting and not meeting national guidelines, where meeting guidelines was determined as consuming more than two and five servings per day of fruit and vegetables, respectively. 18 Alcohol intake was ascertained by asking participants their usual quantity and frequency per day of alcohol consumption for the current decade, and analysed according to meeting current guidelines of no more than two standard drinks per day (up to 20 g per day). 19 Physical activity status was derived from three questions asking participants how many times a week they walked for recreation or exercise and did vigorous or non-vigorous activities in their leisure time in the 6 months before the questionnaire. The physical activity score was then derived by combining the three activity types and used as a continuous variable. 20 For smoking status, participants were asked if they were never, past or current smokers, and we analysed our data using the same categories. Self-reported past medical history was obtained for cardiovascular disease (including hypertension, angina, acute myocardial infarction and strokes), diabetes, arthritis, asthma and cancer.
At the 4-year post-baseline, postal questionnaire participants were asked 'In the past 12 months, to what extent did health problems limit your everyday physical activity?', with response options of 'not at all', 'a little bit', 'moderately', 'quite a bit' and 'extremely'. The response to this question was used in the sensitivity analysis discussed below. In this question, physical activity was subjectively defined by each participant and was not related to the questions used to derive physical activity status.
Analyses
Descriptive statistics were used to compare baseline characteristics between responders and non-responders, and across BMI categories.
Logistic regression analysis was used to analyse the relationship between BMI category at baseline and disability at follow-up. All analyses were stratified by sex. The variable used for BMI encompassed the six BMI categories defined above, and the BMI category 18.5-o22.5 kg m À 2 was used as the reference category. Three models were used: the first adjusting for demographic variables including age, education status and country of birth; the second additionally adjusting for behavioural variables including smoking status, physical activity, alcohol intake, and fruit and vegetable intake; and the third additionally adjusting for chronic diseases including the prevalence of angina, asthma, diabetes, arthritis, cancer, heart attack, stroke and hypertension at baseline.
Analyses were also performed for subgroups categorised according to smoking status (never smokers), country of birth (Southern European-born participants) and chronic disease status (those free of chronic diseases at baseline that directly limit ADL's, angina, arthritis, heart attack and stroke). In further sensitivity analyses, to test the effect of possible reverse causation, we tested the effect of repeating the analysis in a population whose physical activities were not at all limited by health problems at the 4-year postal follow-up (n ¼ 997 males and 1767 females).
All analyses were performed using Stata 11.1 (Stata Corp. LP., College Station, TX, USA) and significance was considered to be Po0.05.
Ethics
The MCCS study protocol was approved by the Cancer Council Victoria's Human Research Ethics Committee and subjects gave written consent to participate. The current study was approved by the MCCS data committee and the Monash University standing committee on ethics in research involving humans (CF11/2075 -2011001130).
RESULTS
Those who returned to the follow-up exam and completed the disability measures within the questionnaire were more likely to be higher educated, to meet alcohol guidelines and to have prevalent cancer, and less likely to be Southern European-born, be physically inactive, current smokers and have prevalent diabetes or arthritis (Table 1 ). No differences in baseline age, sex or BMI were observed.
As BMI increased, the prevalence of high education and current smoking status significantly decreased. The prevalence of Southern European-born, physical inactivity and prevalent angina, diabetes, arthritis and hypertension significantly increased as BMI increased. Significant trends in sex and alcohol were less clear. No significant differences in age and prevalent heart attack and stroke were observed across BMI categories ( Table 2) .
The prevalence of each of the individual activity limitations measured at follow-up, with the exception of eating, generally increased in both males and females as baseline BMI increased ( Figure 1 ). Composite measures for disability, regardless of whether mobility was included or not, also increased as BMI increased (Figure 1 ). Among males, the prevalence of individual activity limitations and composite disability measures were generally lowest in the BMI category 22.5-25.0 kg m , with a prevalence of 62% in males and 74% in females.
After adjustment for the demographic variables strong, graded relationships were observed between BMI category at baseline and disability status at follow-up, independent of the measure of disability status used, and in both males and females (Table 3) . A significant dose response relationship was observed for all analyses of the relationship between BMI category and disability (Table 3) . Among males, an increased risk of self-care ADL limitations was observed from BMI category 30-35 kg m was associated with around a 3.5-fold increase in the odds of both composite measures of disability. For females, the BMI category 35 þ kg m À 2 was associated with a 4.4-fold increase in the odds of self-care ADL limitations and a 6.6-fold increase in the odds of composite self-care ADL and mobility limitations. After additional adjustment for the behavioural variables, the strength of the relationships decreased slightly and the significance of the relationship for some of the lowest BMI categories became marginal (Table 3) . After additional adjustment for the presence of chronic disease at baseline, the strength of the relationships between BMI category and both measures of disability decreased further, and the relationship for some of the lower BMI categories lost significance. However, the dose response relationships remained strong and significant for all outcomes (Table 3) .
We examined potential effect modification by smoking and country of birth by repeating the logistic regression analyses in never smokers (n ¼ 1065 for males, 2756 for females) and in those not born in Southern Europe (n ¼ 1736 for males, 2863 for females; Figure 2 for the composite outcome measure of self-care ADL and mobility limitations). When never smokers were compared to the total population, a stronger relationship between BMI and both composite measures of disability were observed, but the same basic patterns were still evident. Risk of composite self-care ADL and mobility limitations increased from BMI 27.5 to 30 kg m À 2 in males and from BMI 22.5 to 25 kg m À 2 in females ( Figure 2 ). In non-Southern European-born participants, the magnitude of the odds ratios was very similar to those in the total population, although significance was lost for some owing to the smaller sample size.
We also repeated the logistic regression analyses in those without disability-associated chronic disease at baseline (n ¼ 1493 for males, 1837 for females; Figure 2 for the composite outcome measure of self-care ADL and mobility limitations). In this group, the magnitude of the relationship was generally slightly reduced for males and wide confidence intervals were observed for each BMI category. There was no appreciable change in the odds of disability for females. A dose response relationship was significant for both males and females.
Sensitivity analyses conducted in a population who were not limited by health problems at the 4-year postal follow-up did not appreciably alter any results.
DISCUSSION
In this analysis of the relationship between BMI in middle age and disability in old age, we demonstrate a strong dose response relationship for both males and females. This relationship is evident whether disability is defined as any limitation to the five basic self-care ADLs or when also including mobility-related disability. For males, an increased risk of disability was observed from the upper overweight or lower obese category, whereas for females it was observed from the upper normal weight or lower overweight category. For males, the upper overweight category was associated with an approximately 50% increase in the odds of disability, and the upper obese category with around a threefold increase. For females, the upper overweight category was associated with an approximately 2.5-fold increase in the odds of disability, and the upper obese category with around a 4-to 6-fold increase.
Our finding that obesity confers an increased risk of disability is consistent with three recent reviews on this topic. 3, 4, 5 However, in contrast to these reviews, that demonstrate a modest or no increased risk of disability associated with overweight, we also observe an increased risk of disability associated with overweight females, and to a lesser extent, overweight males. Moreover, the magnitude of association between obesity and disability appears to be considerably greater in our study compared to the point estimates included in these reviews. Several methodological differences may explain these discrepancies including the diverse populations and definitions of disability utilised. However, it is also possible that heterogeneity between studies arises from the age at which BMI was measured. We analysed BMI measured in middle age to avoid the possible confounding of illness-associated weight loss in old age. Conversely, the majority of studies included in the three reviews measure BMI in older aged participants. As we hypothesised, it may be that BMI measured at middle age is a better marker of ill health in later life than is BMI measured in older age. Support for this hypothesis is evident from a study by Bussetto et al. 21 who examined the association of both recalled BMI at age 50 and contemporaneous BMI with disability for an elderly Italian population. This study demonstrated a 1.20-fold (95% CI 1.11-1.30) and 2.19-fold (95% CI 2.00-2.40) increased risk of ADL disability associated with overweight and obesity, respectively, when weight was recalled from age 50, which was consistently higher than the risks associated with contemporary BMI. Further support for this hypothesis was highlighted in a recent review on the risk of dementia associated with overweight and obesity, which illustrated a graded positive risk relationship across all BMI categories when BMI was measured in mid-life, whereas no association was derived from a measure of BMI in late-life. 9 The risk relationship between increased BMI and disability appears to be changing over time. Analysis based on US data collected at two time points (1988-1994 and 1999-2000) demonstrated a stronger relationship between overweight, obesity and ADL limitations in more recent periods. 22 Although our study uses baseline data collected B20 years ago, this lag time is required to allow middle-aged participants to reach old-age and develop disability. Nevertheless, it is essential that analyses such as those conducted herein are repeated as more contemporary data arise.
Our results are also consistent with those of Sun et al. 23 who observed a linearly reduced odds of healthy survival after age 70 associated with increasing mid-life BMI among females. Like ours, this study also used finer categorisation of BMI, and observed an increased risk from the upper normal weight range. Although not directly comparable to our study due to the different outcome measures (healthy survival in the study by Sun et al. was defined as having no history of major chronic disease and no substantial cognitive, physical or mental limitations), these studies highlight that the longer-term risks associated with excess weight may occur below the current thresholds for overweight and obesity.
We additionally observe a consistently stronger relationship between BMI and disability among females compared with males. These sex differences have been demonstrated in other studies 4, 24, 25 and may reflect known sex differences in fat distribution, 26 recovery from disability 27 and/or sex-specific causal pathways between obesity and disability. 28 Furthermore, as women are more likely to have conditions that disable (for example, musculoskeletal disease) and men are more likely Model 2 is additionally adjusted for smoking status, physical activity, alcohol intake, and fruit and vegetable intake. c Model 3 is additionally adjusted for prevalence of angina, asthma, diabetes, arthritis, cancer, heart attack, stroke and hypertension at baseline. Figure 2 . Logistic regression analysis (Odds ratios from a model adjusting for age, education status, country of birth, smoking status, physical activity, alcohol intake, and fruit and vegetable intake) of BMI category at baseline on composite self-care and mobility disability at follow-up in: the total population; never smokers; and those free of chronic disease (chronic disease includes angina, diabetes, arthritis, cancer, stroke and hypertension at baseline. Comparisons are shown for males and females. Note: y axis is logarithmic.
to have conditions that result in mortality (for example, cardiovascular disease), it is thus possible that the males that are still alive at follow-up represent a healthier group than that of females at follow-up.
Smoking has been shown to be a confounder of the association between BMI and disability. 29 However, we demonstrate that the results presented herein are not excessively influenced by smoking as we observe similar relationships in smoking-adjusted analyses. Our results do, however, suggest a role of smoking in modifying the relationship between BMI and disability. We observe a stronger relationship between BMI and disability among male never smokers when compared with all males combined. This is likely due to the higher proportion of smokers in the normal weight group who are at a greater risk of disability, and highlights the need to stratify by smoking status when assessing BMI as a risk factor for ill health. 7, 14 The moderating effect of smoking was not evident in females, likely due to the lower prevalence of smoking among females.
The key strength of our study was the long follow-up period and the large sample size that allowed evaluation of dose response risk across small BMI categories. Other strengths included objective measurement of height and weight and the rich data source that allowed for extensive adjustments in multiple regression models.
The major limitation of this study was the lack of disability data at baseline, and thus our inability to exclude the possibility of reverse causation-that BMI may be a consequence rather than a cause of disability. To address this limitation, we conducted a secondary analysis examining the relationship between BMI and disability in a population free of chronic disease at baseline. Although results from this analysis were attenuated and lost significance in males, an overall dose response relationship was nonetheless evident for both sexes. Such a sensitivity analysis likely removes some of the true effect of increased bodyweight on future disability (where increased body weight has already resulted in onset of chronic disease), suggesting that the causal effect is likely to lie between the two sets of estimates. This causal pathway of action is supported with our chronic disease adjusted models whereby the magnitude of association between excess body weight and disability was reduced. We additionally examined the limitation of reverse causation by assessing the association between BMI and disability in a population where health problems did not limit everyday physical activity at 4 years post-baseline. This analysis did not appreciably change any of the results.
A further limitation to this analysis is the loss to follow-up in the MCCS cohort, with only 57% of eligible participants providing ADL information. It is possible that the reasons for not attending follow-up included limitations in mobility or ADLs, and indeed non-responders were found to be less healthy at baseline. Such an effect is likely to be associated with an underestimation of the relationship. However, we observed no difference in mean baseline BMI between responders and non-responders and thus have no a priori reason to expect differences in follow up disability.
It is important to recognise that the disability measures used here are only one series of constructs for measuring disability. Disability can be defined in a number of ways from limitations in mobility, physical function and instrumental ADLs (which assess the ability of an individual to live within a community) and basic self-care ADLs, all of which represent varying severity and positions along the spectrum of the disablement process. Our results show that BMI was associated individually with each ADL except eating, and also with our two composite measures of disability, suggesting that excess body weight is a likely risk factor for a wide range of disability measures.
In conclusion, this study highlights the importance of maintaining a healthy body weight in middle age to reduce the risk of disability in later life. The associations observed are greater in magnitude, and significant increases in the risk of disability start from a lower BMI, than previously reported. This discrepancy may be due to the age at which BMI was measured, and whether measuring BMI at mid-life is a better predictor of disability later in life warrants further investigation. If such risks are borne out, the combination of the increasing prevalence of overweight and obesity with a rapidly aging population will lead to large increases in the prevalence of disability in coming decades. These findings highlight the need to better treat and manage obesity related comorbidities to prevent the progression to disability, and more importantly to prevent weight gain in midlife.
